Abstract: Zearalenone (ZEN) and ochratoxin A (OTA) are secondary toxic metabolites widely present in grains and grain products. In this study, the effects of electron beam irradiation (EBI) on ZEN and OTA in corn and the quality of irradiated corn were investigated. Results indicated that EBI significantly affected ZEN and OTA. The degradation rates of ZEN and OTA at 10 kGy in solution were 65.6% and 75.2%, respectively. The initial amounts significantly affected the degradation rate. ZEN and OTA in corn were decreased by the irradiation dose, and their degradation rates at 50 kGy were 71.1% and 67.9%, respectively. ZEN and OTA were more easily degraded in corn kernel than in corn flour. Moisture content (MC) played a vital role in ZEN and OTA degradation. High MC was attributed to high ZEN and OTA degradation. The quality of irradiated corn was evaluated on the basis of irradiation dose. L* value changed, but this change was not significant (p > 0.05). By contrast, a* and b* decreased significantly (p < 0.05) with irradiation dose. The fatty acid value increased significantly. The pasting properties, including peak, trough, breakdown, and final and setback viscosities, were also reduced significantly (p < 0.05) by irradiation. Our study verified that EBI could effectively degrade ZEN and OTA in corn. Irradiation could also affect corn quality.
Introduction
The safety of agricultural products, such as cereals, oilseeds, and other crops, is of considerable concern worldwide, and their contamination with mycotoxins is a significant problem [1] . Mycotoxins are secondary toxic metabolites mainly from the mycelial structure of filamentous fungi that grow naturally on agricultural products and produce toxins under favorable conditions. Mycotoxins are accounted for the losses of millions of dollars in infected agricultural products and human and animal health annually worldwide. To date, over 400 mycotoxins and fungal metabolites have been reported; among these mycotoxins, zearalenone (ZEN) and ochratoxin A (OTA) are two of the most toxic and widespread compounds with remarkable agro-economic importance [2] .
ZEN is an estrogenic compound primarily produced by Fusarium species [3] and found in cereals, including corn, barley, oats, wheat, sorghum, millet, and rice. Among these cereals, corn is the most frequently contaminated with ZEN [4] . In animals, ZEN mainly affects the reproductive system because The results also indicated that the initial amount of mycotoxins negatively influenced degradation. In particular, at 20.0 μg/mL ZEN solution, the degradation rate was merely 38.4% at the highest dose. The amount of free radicals produced by EBI was extremely small in organic solvents [30] . The decrease in ZEN and OTA was mainly ascribed to the direct degradation of ZEN and OTA molecules because the splitting of ZEN and OTA molecules caused by EBI was roughly similar under the same irradiation dose. Therefore, ZEN and OTA solutions with low concentration presented a high rate of decline. Our result was consistent with findings of previous reports. Van Dyck et al. [32] found that increasing the dose of gamma radiation can destroy the increase in aflatoxin B1 (AFB1), but the effect of gamma rays is substantially reduced when the concentration of AFB1 is increased 50-fold. Liu et al. [33] also showed that the AFB1 degradation rate decreases in the following order: 5 ppm > 1 ppm > 0.5 ppm, exhibiting marked initial concentration-dependent phenomenon in aqueous medium.
Effect of EBI on Naturally Contaminated Corn
EBI-induced ZEN and OTA detoxification in contaminated corn kernel or corn flour is shown in Figures 2A,B . The initial contents of ZEN and OTA were 2812.5 and 60.18 μg/kg, respectively. The degradation rates increased with the irradiation dose. At the irradiation dose of 50 kGy, the degradation rates of ZEN and OTA in corn kernel were 71.1% and 67.9%, respectively. Stepanik et al. [34] found that the reduction of deoxynivalenol level in wet distillery grain, distiller's solubles, and stillage exhibits a dose-dependent increase. Aziz et al. [35] reported that gamma irradiation is effective against AFB1, ZEN, and OTA in food and agricultural products; at 20 kGy, AFB1 and ZEN are completely disrupted and OTA content in samples is reduced by 72%-76%. The differences in the The results also indicated that the initial amount of mycotoxins negatively influenced degradation. In particular, at 20.0 µg/mL ZEN solution, the degradation rate was merely 38.4% at the highest dose. The amount of free radicals produced by EBI was extremely small in organic solvents [30] . The decrease in ZEN and OTA was mainly ascribed to the direct degradation of ZEN and OTA molecules because the splitting of ZEN and OTA molecules caused by EBI was roughly similar under the same irradiation dose. Therefore, ZEN and OTA solutions with low concentration presented a high rate of decline. Our result was consistent with findings of previous reports. Van Dyck et al. [32] found that increasing the dose of gamma radiation can destroy the increase in aflatoxin B 1 (AFB 1 ), but the effect of gamma rays is substantially reduced when the concentration of AFB 1 is increased 50-fold. Liu et al. [33] also showed that the AFB 1 degradation rate decreases in the following order: 5 ppm > 1 ppm > 0.5 ppm, exhibiting marked initial concentration-dependent phenomenon in aqueous medium.
EBI-induced ZEN and OTA detoxification in contaminated corn kernel or corn flour is shown in Figure 2A ,B. The initial contents of ZEN and OTA were 2812.5 and 60.18 µg/kg, respectively. The degradation rates increased with the irradiation dose. At the irradiation dose of 50 kGy, the degradation rates of ZEN and OTA in corn kernel were 71.1% and 67.9%, respectively. Stepanik et al. [34] found that the reduction of deoxynivalenol level in wet distillery grain, distiller's solubles, and stillage exhibits a dose-dependent increase. Aziz et al. [35] reported that gamma irradiation is effective against AFB 1 , ZEN, and OTA in food and agricultural products; at 20 kGy, AFB 1 and ZEN are completely disrupted and OTA content in samples is reduced by 72%-76%. The differences in the degradation rates from the current findings may be ascribed to the amounts of ZEN and OTA present in the samples before irradiation [36] and the presence of water [37] . The initial content negatively affects the degradation of mycotoxins. The corn samples in our study were intensely contaminated with ZEN and OTA, and the initial positive moisture content (MC) in degradation was extremely low (11.9%). The penetration ability of EBI is more limited than that of gamma irradiation [38] .
degradation rates from the current findings may be ascribed to the amounts of ZEN and OTA present in the samples before irradiation [36] and the presence of water [37] . The initial content negatively affects the degradation of mycotoxins. The corn samples in our study were intensely contaminated with ZEN and OTA, and the initial positive moisture content (MC) in degradation was extremely low (11.9%). The penetration ability of EBI is more limited than that of gamma irradiation [38] . Figures 2A,B reveal that the degradation rates of ZEN and OTA in corn kernel were higher than those in corn flour, probably because ZEN and OTA were mainly distributed to the surface of corn [39] , which was accessible for irradiation of kernels. Yin et al. [40] found that complete corn granules improve the degradation effect of ZEN when irradiated by gamma rays.
Effect of MC of Corn Kernel on EBI
The different MCs of corn kernels at various irradiation doses are shown in Figure 3 . The results indicated that increased MC was favorable for EBI to destroy increasing ZEN and OTA contents in corn kernels. Radiolysis can be generated in water and thus plays a vital role in the reaction with organic compounds. We speculated that more free radicals are generated at higher MC and consequently induce violent interactions [41] . Frank et al. [42] reported that dried aflatoxins are difficult to be degraded, whereas the amounts of aflatoxins in phosphate solution decrease by approximately 90% at the irradiation doses of 1 and 2.5 kGy. Jalili et al. [37] found that MC shows positive significant effects (p < 0.05) on mycotoxin reduction; in spite of the gamma irradiation dose and type of mycotoxin, maximum reduction values of 45.87% and 55.27% were found for MC of 12% and 18%, respectively. These reports were consistent with our findings, that is, high MC was favorable for the effect of irradiation on mycotoxins. Figure 2A ,B reveal that the degradation rates of ZEN and OTA in corn kernel were higher than those in corn flour, probably because ZEN and OTA were mainly distributed to the surface of corn [39] , which was accessible for irradiation of kernels. Yin et al. [40] found that complete corn granules improve the degradation effect of ZEN when irradiated by gamma rays.
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The different MCs of corn kernels at various irradiation doses are shown in Figure 3 . The results indicated that increased MC was favorable for EBI to destroy increasing ZEN and OTA contents in corn kernels. Radiolysis can be generated in water and thus plays a vital role in the reaction with organic compounds. We speculated that more free radicals are generated at higher MC and consequently induce violent interactions [41] . Frank et al. [42] reported that dried aflatoxins are difficult to be degraded, whereas the amounts of aflatoxins in phosphate solution decrease by approximately 90% at the irradiation doses of 1 and 2.5 kGy. Jalili et al. [37] found that MC shows positive significant effects (p < 0.05) on mycotoxin reduction; in spite of the gamma irradiation dose and type of mycotoxin, maximum reduction values of 45.87% and 55.27% were found for MC of 12% and 18%, respectively. These reports were consistent with our findings, that is, high MC was favorable for the effect of irradiation on mycotoxins. Table 1 describes the changes in the color of irradiated corn at different doses. L*, a*, and b* values represent whiteness, redness, and yellowness, respectively. L* showed insignificant changes with the irradiation dose (p > 0.05), whereas a* and b* decreased significantly (p < 0.05). Naseer et al. [43] reported that the L* and b* values of whole wheat flour decrease with gamma irradiation dose, but the variation is not significant. In addition, the a* value increased with the irradiation dose. Abu et al. [44] observed a decrease in L* for cowpea seeds upon irradiation. Wani et al. [45] observed an increase in a* values of arrowhead tuber starch and flour at the irradiation dose from 0 kGy to 10 kGy. The differences in results were probably attributed to various matrices. Corn shows abundant variation in health-promoting carotenoids, including lutein and zeaxanthin [46] , which provide the color of corn. EBI can induce the splitting of these molecules, resulting in the decrease in a* and b* values. In addition, the decrease in a* and b* in corn flour was sharper than that in corn kernel. This result may occur because the pigments in flour were more exposed to EBI. Sample at 0 kGy was used as control. The letter a was used as comparison for corn kernel; the letter a' was used as comparison for corn flour. Different letters in the same row suggest significant inter-group differences, p < 0.05; the same letters in the same row suggest insignificant inter-group differences, p > 0.05.
Free Fatty Acid Value of Irradiated Corn Kernel and Flour
Irradiation can promote the oxidation of fats, forming free radicals and leading to rancidity and odor or color changes. High-dose irradiation may decompose the fat components, thereby increasing the free fatty acid values. Free fatty acid value is a significant indicator used to measure the changes in the quality of corn during storage [47] . Figure 4 shows the changes in the free fatty acid values of irradiated corn kernel and flour. The free fatty acid value increased as irradiation dose increased. At the highest dose, the fatty acid values were 55.9 mg KOH/100 g and 61.82 mg KOH/100 g for corn kernel and corn flour, respectively, indicating that corn was still normal (≤65 mg KOH/100 g) [47] . These results indicated that low doses did not change the free fatty acid value considerably and probably occurred because fat components were protected by corn husks. The energy produced from EBI weakened upon reaching the internal amount. This mechanism also explains why the free fatty acid value changed more evidently in corn flour than in corn kernel, because fats were exposed to the surface after grinding. Marathe et al. [48] found that irradiation treatment up to 10 kGy dose does not change the free fatty acid values in red kidney bean because of the low fat content. In addition, the irradiation dose was considerably higher in the present study. 
Pasting Properties of Irradiated Corn Kernel and Flour
As shown in Table 2 , the pasting properties, including peak, trough, breakdown, and final and setback viscosities, of corn kernel and corn flour were decreased significantly (p < 0.05) by irradiation. At 5 and 10 kGy, the peak and trough viscosities of corn kernel decreased less sharply than those of corn flour probably because of the protective effect of corn husk. At 30 and 50 kGy, the ranges of decrease in these parameters were similar. This phenomenon occurred possibly because energy was sufficient as irradiation dose increased regardless of the matrix form. Irradiation-induced decreases in pasting properties have also been reported in rice starch [49] , maize, and bean flour [50] . The high reduction in starch viscosity is believed to be due to the degradation of starch because of irradiation. De Kerf et al. [51] found a marked reduction in the amylopectin fraction of various starches with irradiation. Amylopectin presents a negative correlation with starch viscosities. Joseph et al. [52] analyzed the sizes of cowpea starch granules, because granule size partly contributes to starch pasting and retrogradation properties. However, their results indicated that irradiation apparently does not cause fissures or splitting in cowpea starch granules. Sokhey et al. [53] employed scanning electronic microscopy and found that irradiation at 31 kGy does not cause physical damage to waxy maize starch granules. Damage to starch granules by irradiation dose appears in the form of changes in the structure of starch molecules. Decreases in pasting properties, such as breakdown and setback values may help ease cooking and reduce starch retrogradation, respectively [54] . However, such changes are undesirable at high irradiation doses. Pasting properties at 0 kGy was used as control. The letter a was used as comparison for corn kernel; the letter a' was used as comparison for corn flour. Different letters in the same row suggest significant inter-group differences, p < 0.05; the same letters in the same row suggest insignificant inter-group differences, p > 0.05. 
As shown in Table 2 , the pasting properties, including peak, trough, breakdown, and final and setback viscosities, of corn kernel and corn flour were decreased significantly (p < 0.05) by irradiation. At 5 and 10 kGy, the peak and trough viscosities of corn kernel decreased less sharply than those of corn flour probably because of the protective effect of corn husk. At 30 and 50 kGy, the ranges of decrease in these parameters were similar. This phenomenon occurred possibly because energy was sufficient as irradiation dose increased regardless of the matrix form. Irradiation-induced decreases in pasting properties have also been reported in rice starch [49] , maize, and bean flour [50] . The high reduction in starch viscosity is believed to be due to the degradation of starch because of irradiation. De Kerf et al. [51] found a marked reduction in the amylopectin fraction of various starches with irradiation. Amylopectin presents a negative correlation with starch viscosities. Joseph et al. [52] analyzed the sizes of cowpea starch granules, because granule size partly contributes to starch pasting and retrogradation properties. However, their results indicated that irradiation apparently does not cause fissures or splitting in cowpea starch granules. Sokhey et al. [53] employed scanning electronic microscopy and found that irradiation at 31 kGy does not cause physical damage to waxy maize starch granules. Damage to starch granules by irradiation dose appears in the form of changes in the structure of starch molecules. Decreases in pasting properties, such as breakdown and setback values may help ease cooking and reduce starch retrogradation, respectively [54] . However, such changes are undesirable at high irradiation doses. Pasting properties at 0 kGy was used as control. The letter a was used as comparison for corn kernel; the letter a' was used as comparison for corn flour. Different letters in the same row suggest significant inter-group differences, p < 0.05; the same letters in the same row suggest insignificant inter-group differences, p > 0.05.
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Conclusions
EBI was confirmed as an effective method to degrade ZEN and OTA in corn kernel and corn flour. The degradation rate increased as irradiation dose increased. High MC was favorable for the degradation effect, and the quality parameters of corn were affected by irradiation. a* and b* decreased as irradiation dose increased, and the fatty acid value increased. The pasting properties, including peak, trough, breakdown, final, and setback viscosities, were reduced significantly (p < 0.05) by irradiation. However, other factors, such as temperature, pH, and grain thickness, favorable for optimum EBI should be investigated. Further studies should be performed to determine the degradation products and toxicities of ZEN and OTA following EBI.
Materials and Methods

Materials
Corn samples naturally co-contaminated with ZEN and OTA were obtained from Taixing City (Jiangsu Province, China) and stored at 4 • C before treatment was administered. ZEN and OTA in the form of dust (purity ≥ 98%) were purchased from J&K Scientific Ltd. (Shanghai, China). Ultrapure water (resistivity ≥ 18 MΩ/cm) was obtained from a Millipore-Q SP Reagent Water system (Millipore, Bedford, MA, USA) and pre-filtered through a 0.22 µm filter. High-performance liquid chromatography (HPLC)-grade methanol was supplied by Fisher Scientific (Pittsburgh, PA, USA). All other analytical grade chemicals or reagents were supplied by J&K Scientific Ltd. (Shanghai, China).
Instruments
Samples were irradiated at doses of 5-50 kGy using an industrial electron accelerator at room temperature (25 • C) in Wuxi EL PONT Radiation Technology Co., Ltd., China. The energy of accelerated electrons was 5 MeV, and the beam current was 20 mA with 1000 mm scan width and a dose rate of 2 kGy/s. An Agilent 1260 series HPLC system (Agilent Technologies, Palo Alto, CA, USA) with a fluorescence detector was used for mycotoxin analysis. An Agilent ZORBAX SB-C18 chromatographic column (150 mm × 4.6 mm; 5 µm particle size; Agilent Technologies) was utilized for separation.
EBI of ZEN and OTA Standards
ZEN solutions at different concentrations (0.5, 5.0, and 20.0 µg/mL) were prepared in methanol, and OTA solutions (0.5 and 1.0 µg/mL) were prepared in acetonitrile. The above solutions (1 mL) were added into 5 mL polyethylene centrifuge tubes and irradiated at 5 and 10 kGy flatwise. After irradiation, the degradation rates of ZEN and OTA were analyzed by HPLC (Agilent Technologies, Palo Alto, CA, USA).
EBI of Contaminated Corn
Corn kernels (200 g) were placed in a polyethylene bag and spread to a thickness of 1 cm. Corn kernel was also ground by using a swing pulverizer and passed through mesh sieves with 0.9 mm diameter. Corn flour (200 g) was treated under the same condition. Corn kernels and corn flour were irradiated at doses of 0, 5, 10, 30, and 50 kGy. After irradiation, all samples were stored at 4 • C before HPLC analysis. The degradation rate coefficient is defined as mycotoxin contents in the irradiated corn sample versus mycotoxin contents in the unirradiated corn sample.
Preparation of ZEN and OTA Extracts
ZEN and OTA in the corn samples were extracted using previously described methods [55] . Corn kernels were ground and then sifted through 30-mesh sieves. Corn flour (25 g ) was placed in a 250 mL flask, and 5 g of sodium chloride and 100 mL of acetonitrile-water extraction solvent (90:10 v/v) were added. The flask was shaken for 45 min at 200 rpm, and the extract was filtered through a pre-folded filter paper to obtain crude filtrates. Afterward, 4 mL of crude filtrate was passed through a Bond Elut Mycotoxin clean-up column (12165001B, 45 mm/1000 mg; Agilent), and 2 mL of the extract was collected for ZEN analysis. Then, 2 mL of the crude filtrate was obtained directly for OTA analysis. Both extracts were dried under a nitrogen stream at 50 • C, reconstituted with 1 mL of the HPLC mobile phase, and vibrated on a vortex blender for 40 s. Finally, 1 mL of the supernatant was passed through an organic membrane filter (0.22 µm) and collected with a 2 mL calibrated glass vial. The sample was stored at 4 • C before HPLC analysis was performed.
HPLC Conditions
The HPLC conditions were based on previously described methods [55] . The mobile phase for ZEN analysis was a methanol-water solution (60:40, v/v) with an injection volume of 20 µL and flow rate of 1 mL/min. The excitation wavelength of the fluorescence detection detector was 274 nm, and the emission wavelength was 440 nm. For OTA analysis, acetonitrile-water-acetic acid (56:43:1, v/v/v) constituted the mobile phase with an injection volume of 20 µL and a flow rate of 0.9 mL/min. The excitation and emission wavelengths were 333 and 477 nm, respectively. The detection limits of ZEN and OTA were 5.0 and 1.0 µg/kg, respectively.
MC Determination
MC was determined in accordance with the Chinese National Standard GB/T 5009.3-2010 [56] . The initial MC of corn was 11.9% and adjusted to 16.7% by adding artificial water to meet the experiment requirement. Corn samples were left with water overnight (10 h) before irradiation treatment.
Color Determination of Corn Flour
The color of corn flour was evaluated using Ultra Scan Pro 1166 (HunterLab, Reston, VA, USA) and expressed as L*, a*, and b* values, which represent the units of whiteness, redness, and yellowness, respectively.
Determination of Fatty Acid Values
Fatty acid values were determined in accordance with the Chinese National Standard GB/T 29405-2012 [57] . Ground corn sample (10.00 g) was extracted by using 50 mL of anhydrous ethanol for 30 min on an oscillator. Filtrates (25 mL) were collected in a measuring cup, and 50 mL of carbon dioxide-free distilled water was added. A potential titrator was used to record the volumes of KOH standard titration solution. The final results were expressed in terms of milligrams of KOH required to neutralize free fatty acids in 100 g of corn flour (dry basis).
Pasting Property Determination of Corn Flour
The pasting properties of corn flour were determined in accordance with the Chinese National Standard GB/T 24853-2010 [58] by using a RapidVisco-Analyzer (RVA 4500, Pertone Corporation, Australia). The standard profile 1 of the RVA (RapidVisco-Analyzer) was employed. The process of this profile is in the following: the samples (3 g) in 25 mL of distilled water were heated from an initial temperature of 50 • C to 95 • C in 13 min, held at this temperature for 4 min, and cooled to 50 • C for 13 min.
Statistical Analysis
Values were expressed as standard deviations (SDs) of means. Data were evaluated through ANOVA in SPSS 16.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA was performed to verify the significant differences between irradiation doses and corn quality. Results were considered significant when p ≤ 0.05.
